The Eastern migratory monarch butterfly has declined in recent decades, partly because widespread adoption of herbicide-resistant corn and soybean has nearly eliminated common milkweed from crop fields in the US Midwest. We argue that in addition to milkweed loss, monarch declines were likely exacerbated by shifting disturbance regimes within their summer breeding range. Monarchs prefer to lay eggs on younger, vegetative milkweed stems. They also benefit from enemy-free space, as most eggs and early-instar larvae succumb to predators. Historically, ecological disturbances during the growing season could have provided these conditions. During most of the 19th and 20th centuries, milkweed was abundant in crop fields where manual weeding and mechanical cultivation set milkweed back, but rather than killing it would often stimulate regrowth later in the summer. Before European settlement, large mammals and fires (natural and anthropogenic) perturbed grasslands during the summer and could have had similar effects. However, presently most remaining milkweed stems in the Midwest are in perennial grasslands like roadsides, old-fields, parks, and conservation reserves, which often lack growing season disturbance. As a result, monarchs may be left with limited options for oviposition as the summer progresses and could have lower survival in grasslands where predation pressure is high. Our recent work has shown that targeted disturbance during the growing season produces milkweed stems that are attractive to ovipositing monarchs and harbor fewer arthropod predators. Targeted disturbance in perennial grasslands could improve habitat heterogeneity and phenologic diversity of milkweeds, and should be explored as a monarch conservation strategy.
to the recent decline is the loss of milkweed host plants from breeding habitat in the US Midwest (Flockhart et al., 2013 (Flockhart et al., , 2015 Pleasants and Oberhauser, 2013; Oberhauser et al., 2017; Saunders et al., 2017; Thogmartin et al., 2017a; Stenoien et al., 2018) .
The majority of monarchs arriving in Mexico each year for overwintering are born in the Midwest and North Central US, where they lay most of their eggs on common milkweed, Asclepias syriaca L. (Malcolm et al., 1993; Flockhart et al., 2017) . This species, which we will hereafter refer to simply as milkweed, is considered an agricultural weed. Until recently, milkweed stems growing in annual crop fields, mostly corn and soybeans, supported more monarch eggs and larvae than stems growing in other habitat types (Oberhauser et al., 2001) . However, since the 1990s, more than 90% of corn and soybean production has switched to transgenic herbicide-resistant varieties (USDA Economic Research Service, 2018) . Now, fields are sprayed with broad-spectrum herbicides that effectively control milkweed, resulting in a ∼40% loss of milkweed stems from midwestern landscapes (Hartzler, 2010; Pleasants, 2016) . In response to this loss, recent research has focused on how to rebuild milkweed populations in the US, including calls to restore 1.3-1.6 billion additional stems in the Midwest (Pleasants, 2016; Thogmartin et al., 2017b) .
HABITAT SHIFT FROM CROPLANDS TO GRASSLANDS
In addition to habitat loss, monarchs have also undergone a habitat shift. Until recent decades, a large proportion of milkweed stems in the Midwest were found in annual crop field interiors. Today, however, remaining milkweeds are predominantly located in perennial grasslands. Thus, a greater proportion of monarchs now rely on grassland habitats. These habitats include ditches, old-fields, pastures, transportation rights-of-way, conservation reserve program (CRP) lands, parks, and reserves (Thogmartin et al., 2017b) . Perennial grasslands differ from agricultural fields in multiple respects; understanding these differences and managing in light of them may be key to stabilizing monarch populations.
Agricultural Disturbance and Milkweed Suitability
Crop fields are a distinct type of ecosystem, and the phenologic, nutritional, and chemical characteristics of milkweed growing in crop fields may differ from those in grasslands. Crop fields are nutrient-enriched, may be irrigated, and in the case of corn, become shaded as summer progresses. Before the widespread use of effective herbicides, they also would have been mechanically disturbed during the growing season.
Farmers controlled weeds with hand tools or draft animals until at least the 1930s, after which time tractor-based mechanical cultivation became the norm (Swinton and Van Deynze, 2017) . In following decades, each year fields were cultivated until late June or early July, when the soybean canopy closes and corn grows too tall (Curran, 2004; Specht et al., 2012) . For soybeans, additional manual control often continued later into the summer (Horlyk, 2013; Eller, 2014) . Mechanical control was only moderately effective against milkweed; while aboveground tissue was easy to remove, milkweed's modular growth form made it resilient. Plants tended to survive and send up new shoots following cultivation, and equipment often spread roots to new areas (Bhowmik and Bandeen, 1976) . Similarly, many herbicides applied to crop fields beginning in the 1960s killed aboveground milkweed growth but left the roots unscathed (Bhowmik, 1994) . Monarchs prefer to lay eggs on very young and vegetative stems (Urquhart, 1987; Bergström et al., 1994) , so frequent disturbance could have benefitted monarchs by supplying attractive new milkweed growth for oviposition as summer progressed. These patterns stand in contrast to perennial grasslands, where milkweeds often flower by mid-summer and afterwards can begin to senesce. Therefore, we suspect monarchs relying on milkweeds in perennial grasslands are left with increasingly poor options for oviposition as summer progresses.
As a rule, host plants for herbivorous insects vary in suitability. Conservation managers working toward butterfly recovery often need to differentiate between host plants that are suitable and ones that are not (Thomas et al., 2011) . Plant suitability to herbivores can change with phenology: newly grown tissues are often replete with water and N, while older tissues tend to be tougher and lacking in these resources (Thomas and Stoddart, 1980; Scriber and Slansky, 1981; Slansky, 1993; Lim et al., 2007) . Consequently, many caterpillars perform better on younger tissues compared to senescent or near-senescent ones (Scriber and Slansky, 1981; Slansky, 1993) . This pattern is evident in multiple butterflies of conservation concern that avoid senescing plants or fare poorly on them (e.g., Singer, 1972; Grundel et al., 1998; Lane and Andow, 2003; Haan et al., 2018) . In the case of monarchs, while it is clear they prefer to oviposit on younger milkweed stems (Urquhart, 1987; Bergström et al., 1994) , we know less about how milkweed senescence affects survival and growth of larvae. This should be an area of future research. Along the same lines, milkweed in cornfields would have been shaded in late summer. While we do not know if ovipositing monarchs favored heavily-shaded milkweeds in cornfields, their caterpillars grow larger on shade-grown stems, which are less-defended and have lower leaf toughness and C:N ratios (Agrawal et al., 2012a) .
Finally, nutrient enrichment in crop field soils could provide monarchs with more nutrient-dense milkweed tissues to eat. Monarch growth rates can increase with foliar N concentrations in common milkweed (Tao et al., 2014 , but see Schroeder, 1976 Lavoie and Oberhauser, 2004) . Nutrient enrichment can also cause milkweeds to produce less toxic cardenolides (Agrawal et al., 2012b) , which limit the growth and survival of monarch caterpillars (Rasmann et al., 2009) . While recent work in our lab suggests nutrients alone do not drive oviposition patterns (Myers et al., 2019) , details of how crop field nutrient enrivonments could influence monarch nutrition and response to cardenolides need further investigation.
Differential Predation Pressure
Enemy-free space where predation pressure is minimized can be an important component of a species' niche (Jeffries and Lawton, 1984) . For monarchs, enemy-free space may be much more limited in perennial grasslands than in crop fields, as predatory arthropods are more diverse and abundant in grasslands (Werling et al., 2014) and predation rates on invertebrates are consistently higher (Werling et al., 2011) . Like many Lepidoptera, survival of monarch eggs and first instars is low, with a large fraction of immature monarchs succumbing to predators. For example, in a restored prairie <2% of eggs survived to third instar, with lower survival when plants contained spiders or aphids, the latter of which attract ants and other predators (De Anda and Oberhauser, 2015) . Similarly, monarch eggs in an oldfield had a 2% survival rate after 7 d, with ants predating eggs and larvae (Prysby, 2004) . Finally, Myers et al. (2019) found >80% mortality of monarch eggs over 72 h periods in grasslands, with lower mortality in corn.
Disturbance during the growing season could have historically reduced predation risk to monarchs through multiple mechanisms. First, milkweed stems with aphids attract more predators (Haan and Landis, 2019) , so disturbances that remove aphid-infested stems should reduce predators as well. Second, vegetative milkweed stems host lower predator densities than other stages (Haan and Landis, 2019) , so disturbances that reset milkweed phenology could also serve to reduce predator abundance on the regenerating stems. Finally, disturbance temporarily simplifies the structure of surrounding vegetation, which could limit habitat suitability for some predators, particularly spiders (Rypstra et al., 1999) .
DISTURBANCE: A KEYSTONE PROCESS INFLUENCING MONARCH HABITAT SUITABILITY?
Ecological disturbance may be a key factor determining the quality of breeding habitat for Eastern monarchs, as it potentially provides both phenologically-attractive host plants and enemyfree space. Disturbance during the growing season was a defining characteristic of annual crop fields, but it occurs much less often in most perennial grasslands that monarchs now rely on. Positive recovery efforts for several rare butterfly species have depended on whether managers reinstated historical disturbance regimes (Thomas, 1980; Crone, 1998, 2015; Thomas et al., 2009; Dunwiddie et al., 2016; Haddad, 2018) . In contrast to many rare butterfly species, monarchs breed in landscapes that have been transformed by humans, and thus may have come to depend on agricultural disturbance regimes during the 20th century. Interestingly, habitat management recommendations for monarchs currently discourage disturbances during the breeding season (MJV [Monarch Joint Venture], 2018).
Multiple studies have documented that as milkweed stems regenerate after fields are mowed, they can support large numbers of monarch eggs and larvae (Marsh, 1888; Borkin, 1982; Fischer et al., 2015; Alcock et al., 2016) . Building on these observations, we conducted a field experiment in Michigan to determine if strategically-timed disturbance can enhance monarch habitat in perennial grasslands (Haan and Landis, 2019) . Monarchs laid more eggs on milkweeds that regenerated after being cut back compared to those we left undisturbed, and predators took 2-4 weeks to recolonize the regenerating milkweed stems, potentially providing a window of enemy-free space. We believe these results suggest disturbance is an important process influencing monarch habitat suitability in the Midwest, and that some types of habitat could be enhanced with strategically-timed disturbance during the growing season (Figure 1) .
Growing season disturbance may have been common before Euro-American settlement of the Midwest, although its historic effects on monarchs are left to speculation. Native Americans farmed corn, at times quite extensively (Riley et al., 1994; Benson et al., 2009) , and managed Midwest and Great Plains ecosystems with fire for thousands of years. In contrast to current prairie restoration practices which concentrate burns during spring and fall, evidence suggests fires were historically set almost any time of year, including summer (Bragg, 1982; Higgins, 1986) . Similarly, lightning-ignited fires are most common during summer (Komarek, 1964; Bragg, 1982; Higgins, 1984) . Milkweed readily regenerates with new stems after summer fire; in Oklahoma, prescribed fire in July produced regenerating milkweeds (Asclepias viridis) which were used by monarchs in late summer and early fall (Baum and Scharber, 2012) . Large mammals could have also been an important historical source of disturbance. Bison were ubiquitous in grasslands of the Midwest and Great Plains until the late 19th century and could have produced regenerating milkweed stems through grazing, trampling, or wallows (Knapp et al., 1999) . Similarly, prior to humans' arrival in North America, grasslands hosted diverse and abundant megafauna which would have caused a variety of year-round disturbances (Mack and Thompson, 1982; Milchunas et al., 1988) .
On the other hand, contemporary monarch ecology could differ markedly from past centuries. Common milkweed may have proliferated in agricultural landscapes precisely because it tolerates mechanical disturbances, and monarchs may have historically relied more heavily on the several other milkweed species native to the Midwest, as these could have been much more abundant before the destruction of North American prairie (Gray et al., 1889) . It has also been hypothesized that the migratory phenomenon in its current form is itself anthropogenic; that it only came about because deforestation of the Eastern US in the 19th century caused a population explosion of milkweeds and monarchs as they colonized newly-available habitat (Vane-Wright, 1993) .
REFINING THE CONCEPT OF MILKWEED LIMITATION
The idea that milkweed shortage in the Midwest underlies monarch declines has been met with controversy (Davis and Dyer, 2015; Dyer and Forister, 2016; Inamine et al., 2016; Oberhauser et al., 2017; Thogmartin et al., 2017a; Zaya et al., 2017; Stenoien et al., 2018; Boyle et al., 2019) . Even the casual observer will notice that milkweed is a common sight outside of crop fields in the Midwest, but that most stems contain no monarch eggs or larvae. It follows that milkweed abundance FIGURE 1 | Disturbance resets milkweed phenology, providing new stems in the vegetative stage for monarch oviposition while also reducing predator abundance. Here we show idealized curves representing changes in milkweed's oviposition appeal and/or nutritional quality (blue) and in arthropod predator abundance (orange). In the plot representing undisturbed milkweeds (top) we show predator abundance peaking during the flowering stage because in recent work we found that predators were particularly dense on flowering stems.
per se does not limit monarchs. This line of thinking parallels that of Hairston et al. (1960) . In their landmark paper they proposed that in contrast to other consumers, herbivores are not generally limited by the availability of food-if they were, the earth would not be covered in such an excess of plants. Therefore, herbivore populations must be limited by something other than plant abundance. This generated two competing, although not mutually-exclusive, hypotheses: first, herbivores could be limited because some plant material is unsuitable, e.g., if some plants are poisonous or nutritionally inferior (Murdoch, 1966) . Second, herbivores could be limited by predators. This latter position was the one espoused by Hairston et al., and became part of the basis for the trophic cascade concept.
It is interesting to apply the same logical framework to monarchs and milkweeds. If monarchs were limited by milkweed stem quantity per se, we would expect to find competition for milkweed stems. However, most milkweed stems are not used by monarchs; on undisturbed milkweeds often < 1 monarch egg is found per ten stems (e.g., Fischer et al., 2015; Pitman et al., 2018; Haan and Landis, 2019) . If the supposition is that monarchs are limited by milkweed quantity per se, then these simple observations disprove it. However, we believe this apparent discrepancy can be solved by one or both of the following hypotheses, which correspond to the ones generated by Hairston et al. (1960) : First, monarchs are limited not by milkweed quantity per se, but rather in terms of the quality and suitability of extant milkweed stems for oviposition and larval feeding. Second, monarch populations are limited by enemies like predators and parasitoids. An important process underpinning both possible mechanisms is disturbance.
DESIGNING MONARCH-FRIENDLY LANDSCAPES
If the migratory monarch phenomenon is to persist, we need to design and manage agricultural landscapes with abundant, phenologically-diverse milkweeds and associated windows of enemy-free space. This will require disturbance regimes that are coordinated and carried out at a regional scale. Our purpose here is not to be prescriptive about the type or timing of disturbance, as these are likely to be context-dependent, but practices could include fire, grazing, haying, mowing, or others. In our recent work (Haan and Landis, 2019) we focused on occasional mowing, which is an appropriate grassland management technique for some, although certainly not all, contexts: effects of mowing and hay harvesting on biodiversity can be negative, neutral, or positive depending on timing and technique (Dale et al., 1997; Johst et al., 2005; Roth et al., 2005; Humbert et al., 2009; Cizek et al., 2012) . Large areas of perennial grasslands in Midwest landscapes are already mowed for agricultural, safety, and aesthetic reasons. Redirecting or adjusting even a fraction of that annual effort into strategically-timed disturbance of milkweed could create a mosaic of phenologically-diverse milkweed stems and patches of enemy free space for monarchs. We emphasize that we are not advocating for wholesale increase in mowing frequency or extent in the Midwest. Instead, we envision a heterogeneous landscape in which some chronicallydisturbed areas are left alone to allow for growth of milkweeds and other plants, while some currently-undisturbed grasslands could be intentionally perturbed mid-season. We believe this would significantly improve the productivity of the current stock of milkweeds, as well as those that are added to the landscape as part of conservation efforts.
In the short-term, more research is needed on how to effectively utilize strategic disturbance for monarch conservation as many questions remain. For example, should we disturb (e.g.) one in three milkweed patches, or a third of each patch? What is the opportunity-cost associated with disturbance, since milkweeds require 1-3 weeks to regenerate? Could disturbance create ecological traps by concentrating oviposition effort in certain areas, increasing natural enemy effectiveness or disease transmission? Will the prevalence of young milkweed tissues in late summer cause butterflies to skip reproductive diapause and fail to migrate south? What are long term effects of repeated disturbance on milkweed persistence? Can we ensure disturbance regimes are compatible with other conservation objectives (e.g., pollinators and grassland nesting birds)? Future work predicting effects of disturbance at the regional level could interface with existing models designed to help us understand where and how to improve monarch habitat (Thogmartin et al., 2017a) and predict the resulting monarch population response .
In the long term, we also need to consider how to create and maintain heterogeneity in agricultural landscapes to benefit biodiversity and ecosystem services more broadly. Intensified agricultural practices often lead to landscape simplification and loss of biodiversity services (Landis, 2017) but including perennial elements within agricultural landscapes can have many potential benefits. For example, incorporating prairie strips into corn and soybean fields can reduce erosion and nutrient loss while increasing biodiversity (Schulte et al., 2017) . Future production of bioenergy crops on marginal soils also could produce multiple benefits for biodiversity and ecosystem services depending on the crops selected (Landis et al., 2018) . Perennial polycultures based on prairie systems support a wide array of biodiversity and are highly compatible with monarch conservation (Werling et al., 2014) .
CONCLUSION
In conclusion, we believe recent shifts in disturbance regimes across the Midwest US have caused not just a reduction in milkweed quantity, but also reductions in the suitability of extant plants, and in enemy-free space. While we support calls to introduce more milkweed to grasslands in the Midwest, evidence suggests we should also examine ways to improve productivity of existing milkweeds and reduce pressure from natural enemies. More work is needed to understand how the type, timing, and frequency of disturbance could influence monarchs and their complex interactions with milkweeds and other arthropods. More broadly, habitat manipulations to support monarchs must be integrated into the landscape in ways that support other conservation goals (e.g., pollinators and grassland birds) as well as contribute to soil and water quality and the aesthetic aspects of agricultural landscapes.
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